Coiled coils possess a quaternary structure comprised of the side-by-side arrangement of ␣-helices. Due their inherent structural simplicity, they are ideal model systems for both theoretical and experimental studies. Among the coiled coils are the leucine zippers, which play an important role in the activation of DNA transcription. In contrast to the large amount of available experimental data, an overview of which is presented, there are very few theoretical studies. To address this need, the status of existing theoretical approaches to predict coiled coil quaternary structure is described. Furthermore, to treat the conformational equilibria inherent in these systems, an extension of entropy sampling Monte Carlo simulations is developed that can treat multimers. Here, the approach is applied to GCN4 leucine zippers in the context of a reduced protein model. Not only is the native conformation successfully predicted, but the model also reproduces the experimentally observed helix content in the denatured state and the observed two-state thermodynamic behavior. Such two-state behavior arises from the dissociation of highly helical dimeric chains to form monomers of low, isolated chain helix content.
Introduction
he plethora of protein sequences being proTvi ded by genome sequencing projects demands the development of techniques that translate sequence information into knowledge about structure andror function. While the native structures of many proteins can be identified based on their sequence similarity to a protein of known w x structure 1, 2 , many proteins are not similar to w x any sequence having a solved protein structure 3 . For such sequences, solution of the protein folding problem is of paramount importance. One would also like to be able to understand the nature of the interactions responsible for the stability and uniqueness of the native conformation. This would allow us to design proteins having desired properties such as enhanced thermostability. Furthermore, many proteins only assume their biologically active conformation on association to multimers. For example, the leucine zipper motif w x present in eukaryotic gene regulatory proteins 4 is one of the three known modes by which regulaw x tory proteins recognize and bind DNA 5᎐7 , and a w x number have strong oncogenic potential 5᎐7 . Obviously, the ability to predict their quaternary structure is of practical importance. Surprisingly, however, in contrast to the substantial body of w x experimental work 4, 6, 8᎐28 , there are few theow x retical studies 14, 23, 29᎐35 on these important w x systems 4, 6, 8᎐28 . Thus, in this review, we describe recent progress on theoretical studies of the folding of coiled coils that are designed to address this need.
Experimental Studies of Coiled Coils
Before discussing recent theoretical studies, it is important to place such work in the context of what is known experimentally about these systems. Coiled coils are found in biological systems ranging from fibrous proteins such as hair and w x muscle to transcriptional activators 36᎐38 . They comprise a significant fraction of all known protein w x sequences 39 and represent an important structural motif found in a number of protein families, including the myosins and tropomyosins, the epimorphins, the kinesin motor domain family, the w intermediate filaments, and the leucine zippers 4, x 40᎐42 . All families can be identified by characterw x istic sequence motifs 43᎐47 . Their native structure consists of the side-by-side, in-register association of helices, wrapped around each other with a w x slight left-handed supertwist 48 . Their sequences can be described in terms of a quasirepeating hep-Ž . tet abcdefg , where residues at the a and d positions occupy the interhelical interface and tend to w x be mostly hydrophobic 49 . Residues at positions e and g tend to be occupied by charged residues. It is believed that electrostatic interactions are responsible for dictating whether pairs of helices w x pack in the parallel or antiparallel orientation 50 .
Leucine zippers contain a leucine in the d posiw x tion of the repeating heptet 4, 43 and can form w x homodimers, e.g., as in GCN4 21 , or hetw x erodimers, e.g., as in Fos-Jun 21, 51 . Ranging in length from about 14 to 45 residues, they are far w x shorter than other coiled coils 43 . There have been a large number of experimental studies that use this as a model system for testing various w protein folding hypotheses 8, 12, 15, 16, 19᎐21, 52, x 53 . Perhaps, the earliest designed leucine zipper is w x due to Hodges 54 . His sequence design is based on McLachlan's analysis of the tropomyosin sew x Ž . quence 49 and has the form K LEALEGK , where n n s 3, 4, 5. Peptides greater than 28 residues long are more than 90% helical. More recently, Hodges w x and co-workers 55 have synthesized a series of peptides containing from 9 to 35 residues. These were designed to explore the effects of chain length on the stability of ␣-helical, two-chain, coiled coils. They found that the model system must contain at least three heptets for the molecule to adopt a coiled coil conformation in solution. Furthermore, these studies indicate that the conformational transition is cooperative and chain length dependent; that is, longer proteins are more stable than shorter ones.
Other studies aimed at identifying the factors that dictate the preference for parallel versus anw x tiparallel association of the chains 50, 56 . Kim and co-workers explored the dimerization specificity of the leucine zipper fragments from c-Fos and c-Jun and found that heterodimerization is w x favored 20 . The formation of the heterodimer is ascribed to the low stability of dimeric Fos. They also demonstrated that dimerization is necessary for the DNA binding of the entire GCN4 molecule w x 57 . In 1992, the first high-resolution crystal structure of a leucine zipper coiled coil was determined and found to consist of the parallel, in-register w x association of the helices 21 . This confirmed Crick's original prediction of a canonical coiled w x coil structure made almost 40 years earlier 48 . Additional insights into sequence structure specificity issues emerged from the work of Kim et al., who successfully designed stable heterodimeric w x structures 58 and studied concerted mutations in w x GCN4 leucine zippers 12 . Kim and co-workers claim that Asn in the dimerization interface is important because it aids in the parallel association of dimers and destabilizes higher order multiw x mers 52 . They also showed that correlated mutations in the a and d positions of the GCN4 leucine zipper change the state of association from dimers Ž . Ile in all a and Leu in all d positions to trimers Ž . Ž Ile in both a and d positions to tetramers Leu in
. w x all a and Ile in all d positions 12 .
Calorimetry suggests that the GCN4 thermal unfolding transition is well described by a twow x state model 59 ; i.e., the molecular population is comprised either of fully native or denatured w x chains 60 . More recently, Holtzer and co-workers have studied the thermal unfolding of a GCN4-like w As of yet, this body of experimental information has not been reproduced or rationalized by any theoretical model, but this comprises an ideal system for such studies.
Kinetic unfolding and refolding experiments on the GCN4 leucine zipper were done by Matthews Ž . et al. using stopped-flow circular dichroism CD as a function of peptide and final GuHCl denatuw x rant concentrations 28 . Unfolding kinetics are characterized by single exponential behavior consistent with a unimolecular species. In contrast, folding kinetics are dependent on both peptide and denaturant concentration and are well described as simple bimolecular association. Furthermore, equilibrium unfolding in the presence of denaturant can be fit by a standard two-state model that is in consonance with the kinetic data. The w x kinetic studies of Wendt et al. 25 also suggest that the folding of leucine zippers requires the collision of two monomers, each of which might be partially helical, to form a dimeric intermediate which then relaxes to the native conformation. Interestingly, they also find that strand exchange between heterodimeric coiled coils is sequence dependent and occurs on time scales ranging from w x less than a second to over 30 min 25 .
Most thermodynamic data on long coiled coils, in particular tropomyosin, are due to Holtzer and w x collaborators 64᎐78 . Tropomyosin is a coiled coil w x dimer, where each chain contains 284 residues 79 and whose stability is both temperature and pH w x dependent 74, 75 . Calorimetric studies indicate that there are two peaks associated with thermal denaturation. Even for each peak, the thermodynamic transition is not described by a two-state w x model 80 . Rather, the conformational transition is w x highly cooperative and continuous 70 . In contrast, the thermal transition as monitored by CD is monphasic. Further, the N-and C-terminal halves w x of the molecule exhibit different stabilities 81 . Long excised subsequences of tropomyosin that are greater than 95 residues in length form long coiled coils whose thermal stability is comparable w x to the entire molecule 82 . When shorter subsequences that are 20᎐50 residues in length are ex-amined under identical conditions as in the parent protein, they exhibit very low helix content, little coiled coil formation, and large thermal lability of w x such helical structure that does form 82 . This is in strong contrast to leucine zipper and short designed peptides, where such short strands exhibit substantial secondary structure and form highly w x stable coiled coils 12, 54 . This length dependence could be used to calibrate theoretical models.
Theoretical Studies of Coiled Coils DETAILED ATOMIC MODELS
Because of their inherent structural simplicity, coiled coils represent very well defined systems for elucidating key features of quaternary interactions that are important in all associating protein systems and may also provide insights applicable to globular proteins. However, as mentioned above, there are very few theoretical studies of coiled coil systems. In the 1980s, Skolnick and Holtzer generalized the Zimm᎐Bragg helix-coil w x w theory 83 to include interhelical interactions 64, x 67, 72, 73, 75, 76, 84, 85 . The resulting phenomenological theory was able to predict the quaternary structure of tropomyosin and its fragments over a broad range of temperature and pH. However, these studies were mainly limited to dimeric coiled coils and required that the native structure be assumed. More detailed atomic modeling of coiled coils commenced in 1991 when Nilges and Brunger developed an automated algorithm for the prediction of coiled coil structure based on the assumpw tion that the helices are parallel and in register 29, x 31 . They applied this approach to predict a structure of the GCN4 leucine zipper whose backboneatom coordinate root-mean-square deviation, cRMSD, from the subsequently solved crystal structure was 1.2 A. They concluded that given the correct registration, the best packing of the hydrophobic residues in the core dictates the detailed geometry. This observation was first made by Crick w x w x in 1953 48 . Novotny et al. 14 have estimated the stability of GCN4, Fos, and Jun leucine zippers from a molecular mechanics calculation and subsew x quently examined sources of error 86 . Their conclusions suggest that Leu in the d position of the canonical coiled coil heptet makes a major contribution to the stability of dimers, whereas residues in the a positions are far less important. This idea is supported by the studies of Zhang and Hermans w x on a model leucine zipper 87 . In 1991, Tropsha proposed an alternative assignment of residues to the heptet positions in the GCN4 leucine zipper structure, whereby the Leu are assigned to the a rather than to the crystallographically correct d w x positions 30 . Most recently, Harbury and Kim have developed a very simple and fast algorithm for predicting structures with assumed ideal coiled coil geometry; however, their approach will not work if the coiled coil is substantially distorted w x from the canonical structure 35 , as has been obw x served experimentally in a number of cases 88 .
REDUCED PROTEIN MODELS
In the case of single-domain proteins and to a far lesser extent for multimeric proteins, reduced protein models have been developed to explore issues of folding thermodynamics, kinetics, and w x native state structure 33, 89᎐140 . Here, residues are represented by one or two interaction sites, whose interactions are mainly described by knowledge-based potentials. In such models, the interaction sites either are confined to a set of lattice w x w points 141 or may lie in continuous space 106, x 107 . In many reduced protein models, sampling of conformational space is achieved by a Metropolis Ž . w x Monte Carlo MMC scheme 142 , whose trajectory is equivalent to the solution of a stochastic w x kinetics master equation 143 . The resulting chain dynamics have been shown to be equivalent to Brownian dynamics in the low-frequency limit w x 143᎐145 . The MMC scheme is the most prevalent conformational sampling method in reduced models when an exact enumeration of compact states is not possible. In the asymmetric MMC method, the transition probability from an ''old'' conformation i to a ''new'' conformation j is controlled by the
Here, k is Boltzmann's constant and T is the absolute temperature. A disadvantage of this technique is its sensitivity to energy barriers. The key to a successful dynamic Monte Carlo protocol is to include a sufficiently complete move set so that no element of structure is artificially frozen in space.
To elucidate the general aspects of the folding of two-chain, coiled coils and by using a dynamic Monte Carlo algorithm, a simple off-lattice, re-duced model capable of providing possible folding w x pathways was developed by Rey et al. 146 . Each amino acid is represented by two spheres, one corresponding to the ␣-carbon and the other located at the side-chain center of mass. The folding of sequences comprised of repetitive blocks of amino acids has been examined. These simulations assume a local conformational bias toward helical conformations. In addition, the magnitude of the quaternary interactions is coupled to the secondary structure; i.e., the strength is maximal when the pair of interacting residues are helical. Starting from initial random conformations of two separated chains, the assembly process was examined. Folding typically initiates by formation of an intermolecular contact followed by the zipping up of the helices via an on-site construction mechanism w x 132 . In general, the two chains are out-of-register, and the shift to correct registration occurs by a scissorslike motion of the chains. Finally, they examined the effects of intermolecular crosslinks. Experimental and theoretical studies indicate that introduction of a disulfide bond can enhance coiled w x coil stability 64, 67, 147 . For singly crosslinked chains, in agreement with previous theoretical conjectures, folding occurs by zipping up from the crosslinks. If disulfide bridges are introduced at both ends of the chain, due to the presence of the second crosslinks, the unfolded portions of the chain have a difficult time developing secondary structure.
Subsequently, Skolnick and co-workers have developed a hierarchical approach to predict the three-dimensional structure and folding pathway w x of the GCN4 leucine zipper 32 , whose crystal w x structure has been determined by Alber et al. 8 . Folding of the model lattice chains commences from a pair of random, unfolded chains, whose conformations are sampled using MMC simulaw x tion. Unlike the studies of Rey et al. 146 , no target bias toward the native structure was included. Following spontaneous dimer assembly to a parallel, left-handed, in-register coiled coil, the resulting structures are refined on the lattice to produce a family of native structures whose C ␣ cRMSD from native ranges from 2.3 to 3.7 A. Full atom models are then built, and the structures are solvated and refined using molecular dynamics w x with the CHARMM potential 148 . The resulting family of structures is indistinguishable from the native one. The average structure from this familẙ has a backbone heavy atom cRMSD of 0.8 A from native, all heavy atoms in the dimerization interface differ by 1.31 A cRMSD from native, and all heavy atoms differ from the crystal structure bẙ 2.29 A cRMSD. These studies marked the first time that protein quaternary structures of this quality have been obtained from random, unfolded conformations.
With the assumed energy parameterization for the GCN4 leucine zipper, the predicted helix content of the isolated chains ranges from 30 to 35% and increases to 90% on adoption of the native conformation. The equilibrium 13 C ␣ NMR studies w x of Holtzer and co-workers 61 strongly suggest that the thermally unfolded chains in aqueous solution contain significant transient helical secondary structure, and from CD, the helix content is estimated to be about 10᎐15%. Furthermore, Matthews w x and co-workers 28 , using GuHCl as the denaturant, found little or no helix structure in the monomeric state. Part of the apparent discrepancy between these two studies may reside in the fact that in the Matthews experiments, the final solvent contains GuHCl, a strong denaturant, whereas Holtzer's studies are in aqueous solution without denaturant. Subsequent work by Sosnick and colw x laborators 149 is largely in accord with the Matthews et al. results. However, Sosnick et al. conclude that the transition state for folding is also devoid of helical structure. Based on these experiments, we conclude that the model has overestimated the intrinsic stability of isolated helices. However, there is a severe sampling problem with MMC in that for the chains to associate and fold in a reasonable amount of computer time, a substantial denatured state helix context is required. More recent studies that eliminate this problem in the context of a solely equilibrium sampling methodology are described below. w x In other studies, Sikorski and co-workers 150 have undertaken MMC simulations of proteins dew x signed by DeGrado and co-workers 151, 152 . They studied the original chains, the ␣ tetramer, 4 the ␣ dimer, and the ␣ monomer. At low tem- 2 1 peratures, all possible four-helix bundle topologies were recovered. This is a prediction that is in agreement with experiment on the ␣ monomer 1 w x 153 , but for ␣ and ␣ , the validity of this pre- 4 2 diction remains to be established. Finally, all folds appear to adopt a molten globule state rather than the structurally well defined state characteristic of naturally occurring globular proteins. For a given topology, the side-chain contacts are very short lived. This could be caused by the very simple, all-Leu core design of these proteins.
PREDICTION OF COILED COIL CONFORMATIONAL EQUILIBRIA
w x Harbury et al. 12 have examined the shift in equilibrium among parallel, coiled coil dimers, trimers, and tetramers associated with varying the identity of the hydrophobic residues in the coiled coil heptad repeat. To treat these systems, Vieth et al. have developed two combined statistical mew x chanicalrsimulation-based approaches 23, 34 . Both treatments assume a manifold of accessible Ž chain conformations both parallel and antiparallel . orientations of the chains are allowed , where the equilibrium constant between all allowed species is calculated. In their first approach, they were w x unable to treat the monomeric state 34 . Subsequently, the algorithm was generalized to also w x include monomeric species 23 . They then calculated the dimer, trimer, and tetramer equilibrium of GCN4 and seven of its mutants, which were w x studied by Kim et al. 12 . Over the entire concentration range, agreement with experiment for five of the eight sequences is found, and over a portion of the concentration range, as is agreement for another two sequences. Local, intrinsic secondary structure preferences and side-chain entropy act to favor lower order multimers, whereas quaternary interactions favor higher order multimers. They next applied the method to study the multimeric equilibria of fragments of the GCN4 leucine zipper and found that monomers should dominate for a fragment comprised of residues 11᎐33 in the parent molecule, whereas dimers are predicted for a fragment comprised of residues 8᎐30. These rew x sults are also in accord with experiment 15 . For a fragment comprised of residues 4᎐26, they also predicted that mostly dimers should be found at high concentrations. This prediction awaits experimental validation.
Next, they examined other leucine zippers, namely the DNA binding proteins Fos and Jun. In agreement with experiment, in solutions containing only Jun, dimers are the equilibrium conformaw x tion 20 . This indicates that the energy functions have captured some of the features of coiled coils. Encouragingly, also in agreement with experiment, in equimolar mixtures of Fos and Jun, heterodimers dominate. Finally, they examined the coil᎐Ser sequence designed by Eisenberg, DeGrado, and co-workers. Again, in agreement with experiment, an antiparallel, three-helix bundle is w x predicted to be the native conformation 154 .
Above, we described two methods that have been developed to calculate equilibrium constants: One could treat all degrees of chain association and the other was limited to dimers and higher w x order species 23, 33, 34 . While both were reasonably successful at reproducing the experiments, they also invoked a number of approximations of uncertain validity. Most importantly, both approaches a priori assumed the manifold of conformations that the chains can adopt. This not only included the state of association, but also restricted the chains to parallel and antiparallel arrangements of the helices. Registration is not enforced, but the implicit assumption is that a given arrangement of the helices is at least metastable. Ideally, at least for smaller systems, one would like to relax this restriction and simply assert that there is a given degree of association of the chains and then predict the conformations the system adopts, rather than starting the system in an as-Ž sumed manifold of relatively specific and native-. like conformational states. In addition, these approaches make a number of purely technical approximations that might limit their range of validity. For example, to determine the denatured state partition function, all long-range interactions w x beyond the fourth neighbor down the chain 23 were neglected. This approximation should work reasonably well if the denatured state is relatively expanded or if the chains are short, but otherwise, it may be severely in error. For a given multimeric state, they calculated the average energy from the Monte Carlo simulation and estimated the entropy using a partition function constructed from a series of overlapping triplets of virtual bond fragments that are observed at least once; thus, we turn to a new approach that eliminates these weaknesses.
In a recent series of papers on the origin of cooperativity in protein folding, Hao and Scheraga have employed the entropy sampling Monte Carlo Ž . ESMC method to explore conformational space in the chess knight lattice protein model supplemented by single, united atom side chains w x 155᎐157 . The ESMC method was originally prow x posed by Lee 158 Here,
After a sufficient number of runs, all states are sampled with the same frequency. Then, the his-Ž . Ž . togram of H E becomes flat, and J E q constant Ž . approaches the true value, S E . The ESMC method offers the crucial advantage over MMC simulation that one knows whether or not the simulation has converged over the sampled energy range, and, if Ž so, the free energy of the system within a con-. stant is determined. However, the problem with an ESMC simulation is the computational cost required to construct the entropy-versus-energy curve. In a series of papers on the origin of the cooperativity of protein folding in designed ␤-w x barrels and other real proteins 137, 160 , Kolinski et al. described a means of increasing the rate of convergence. The basic idea is to first run a standard dynamic Monte Carlo folding simulation to provide a library of ''seed'' structures. Then, periodically, one randomly selects one of these conformations and introduces it into the conformational pool used to construct the entropy-versus-energy curve. In practice, this technique works quite well to speed up the rate of convergence.
Until recently, ESMC has been only applied to w x monomeric systems 137, 155᎐157, 160 . In what follows, we describe a generalization of the ESMC approach that allows one to calculate the equilibrium constant among a set of assumed states of oligomerization. We first consider the partition function of an isolated single chain and separate the translational, orientational, and internal dew x grees of freedom 23, 33, 34, 161, 162 . To do this, we fix the first C ␣ in space. Then, ESMC simulation is performed subject to the restraint that the first two C ␣ virtual bond vectors of the first chain are fixed. Averaging over the set of all the allowed first two vectors of the chain provides the overall rotational contribution to the partition function, 2 Ž which, in practice, is very close to 8 the value . obtained for a chain in continuous space . For single chains, this ESMC procedure samples the internal entropy from which the total internal monomeric, configurational partition function associated with the 3 N y 6 internal degrees of freedom of the chain, Z , can be constructed int, yconf, M to within a constant. Here, N is the total number of C ␣'s and side-chain centers of mass in a monomer.
Higher order multimeric species are defined by the requirement that there be at least one intermolecular side-chain contact. For definiteness, we focus on dimers, but generalization to higher order multimers is straightforward. For chain 1, fix the first vertex and the first two C ␣ virtual bonds. Again, one performs ESMC simulation on this system to obtain an estimate of the configurational Ž . entropy, S E . Later, we will average over the set of allowed vectors to obtain the overall rotational entropic contribution for the dimer. Within a constant, C , the total internal configurational parti-
Conceptually, the entropy of a dimer, S , can D be divided into three contributions:
1. The translational entropy of bead 1 in chain 2, which is related to the average volume ² : accessible to this bead, v , by 
At this juncture, to within a constant, we have calculated the total internal partition functions of the monomers and dimers. For a given degree of chain association, determination of this constant is not necessary to determine thermodynamic averages. If, however, one wishes to calculate the equilibrium constant between different multimeric species, then all must have the same reference state. Then, the equilibrium constant follows from
is the symmetry number of the dimer. It equals D 1 if the system is a heterodimer and 2 if it is a Ž . homodimer, L is the concentration of species L.
The only problem remaining is to place the monomer and dimer in the same reference state.
We first observe that for the internal configurational entropy in the limit of very large energies,
Žand for the GCN4 leucine zipper we have shown . this to be true . This occurs because the rotational and translational contributions are subtracted out Ž . in the calculation of S E , the internal configu-M M rational entropy of a monomer having an energy per chain, E . Note here that 2 E s E, the energy
M M
Ž . in the dimer. By demanding that Eq. 8 hold in the large energy limit, we can shift the entropies of the monomer and dimer so that they have the same Ž . reference state. In practice, S E y S y
ergy region where this difference approaches a constant independent of E, we simply adjust the constant so that this difference equals zero. Then, both the monomers and dimers have the same reference state and their relative internal entropy differences can be calculated. To this point, we made no restriction about whether or not the dimers associate in a parallel or antiparallel fashion. In principle, for a given degree of chain association, the ESMC protocol itself should allow us to determine the relative importance of the parallel-versus-antiparallel orientations of the chains. However, one could cluster the conformations by whatever criterion one wishes and then calculate the relative equilibrium between such subsets of species. The advantage of the proposed methodology over our previous one is that the dominant structural species, if any, will be predicted from the simulation and need not be specified in advance.
Using an ESMC approach and by simply reducing the scale factors of the terms describing secondary structure propensities and hydrogen bondw ing in the original treatment of Vieth et al. 23, 33 , x 34 , we have been able to successfully fold to the native conformation of the GCN4 leucine zipper under conditions where the overall helix content of the monomers in the denatured state in the thermal transition region is below 15%. A plot of the predicted monomeric, dimeric, and overall helix content of a concentration of 300 M is shown in Figure 1 . Furthermore, the calculated conformation transition is well described by a two-state model. This is confirmed in Figure 2 , where we plot the ratio of the van't Hoff to calorimetric enthalpies over a temperature range that covers the transition. Since this ratio is close to unity, a two-state w x folding model is valid 163 . Thus, in this revised model, all qualitative features are in agreement w x with experiment 59 . Furthermore, the simulations suggest that the reason the overall conformational transition is two state is that the chains dissociate before the majority of the helix content is lost. However, within the dimer, the conformational transition is continuous. Finally, these simulations point out the power of the ESMC method of conformational sampling. Using classical MMC simulation, with this greatly reduced helix content, we would be unable to run the simulations long enough to obtain the native fold. Here, elucidation FIGURE 2. For the GCN4 leucine zipper at a concentration of 300 M, plot of the ratio of the van't Hoff to calorimetry enthalpy as a function of reduced temperature is shown. The transition midpoint is at a reduced temperature of 1.59. of the full thermodynamic behavior in this model system has been possible, and agreement with experiment has been demonstrated.
Outlook for Future Progress
Due to their greater complexity, theoretical studies of multimeric proteins have not yet achieved the level of sophistication of their singlechain counterparts. Nevertheless, leucine zipper multimeric systems are now within the range of contemporary theoretical approaches. Because of their geometric simplicity, they can provide numerous insights into the nature of the native state, Ž . the mechanism s of multimeric protein assembly, and the thermodynamics of protein conformational transitions. Among the issues that still remain are: Can reduced protein models describe the manifold of nonnative conformations, given that their knowledge-based potentials are derived from native conformations, and can these models describe the wealth of experimental data on higher order multimers as well as more complex and not necessarily helical proteins? To address these types of questions, at least in an equilibrium context, ESMC simulation is the method of choice. It provides an internal check of convergence and, with the techniques described here, a direct estimate of the partition function. Furthermore, it is well suited for coarse-grained parallel computers. Thus, the next several years should witness an increase in our understanding of the physical properties of coiled coils in particular and aspects of protein quaternary structure in general. Such an understanding is very important precisely because the function of many biological proteins is crucially dependent on the formation of correct quaternary structure.
